INTRODUCTION
============

Optical coherence tomography (OCT) is able to provide the characterization of neointimal tissue and differentiate the various types of neointimal tissue that exist inside coronary stents.[@B1],[@B2] In addition, OCT revealed that neoatherosclerosis was the common mechanism of very late drug-eluting stent (DES) failure.[@B3],[@B4] Using OCT, we previously reported that the morphologic characteristics of neointimal tissues of DES restenotic lesions were different from those of non-restenotic lesions.[@B5] However, detailed information about the character of neointimal tissues is still insufficient because previous OCT studies were performed with relatively small study population.[@B4],[@B5],[@B6],[@B7] In the present study, therefore, we investigated the morphological features of neointimal tissue in a larger study population that had both a wide range of restenotic lesions and extended follow-up periods after DES implantation.

MATERIALS AND METHODS
=====================

Study design
------------

A total of 1289 DESs were evaluated by follow-up OCT between September 2007 to July 2012. After the maximal percentage of cross-sectional area (CSA) stenosis was determined by OCT, five consecutive images of cross-sections at 1 mm intervals were identified. Among 1289 DESs, 725 DESs had ≤100 µm of mean neointimal thickness; other 57 DESs were excluded for poor quality of OCT images, totally occluded in-stent restenosis, or stent thrombosis. Thus, 507 DESs (418 patients) with \>100 µm mean neointimal thickness were finally enrolled from the OCT registry database of our institute. The reasons for follow-up angiography were: 1) evaluation for myocardial ischemia (72 patients); or 2) planned angiography for itself or other segments (346 patients). General inclusion and exclusion criteria of the follow-up OCT procedures have been previously reported.[@B8]

The selection of DES at the time of coronary intervention was at the physician\'s discretion. Patients were treated with 117 sirolimus-eluting stents (Cypher®, Cordis, Miami Lakes, FL, USA), 102 paclitaxel-eluting stents (Taxus®, Boston Scientific, Natick, MA, USA), 204 zotarolimus-eluting stents (Endeavor sprint® or Resolute®, Medtronic, Santa Rosa, CA, USA), 67 everolimus-eluting stents (Xience®, Abbott Vascular, Abott Park, IL, USA), and 17 biolimus-eluting stents (Nobori®, Terumo Corporation, Tokyo, Japan).

Stent implantation was performed using conventional techniques. Unfractionated heparin was administered as an initial bolus of 100 IU/kg, with additional boluses administered during the procedure to achieve an activated clotting time of 250 to 300 seconds. Dual anti-platelet therapy (aspirin and clopidogrel) was recommended to all patients for at least 12 months. This study was approved by the Institutional Review Board of our institute, and written informed consent was obtained from each patient.

OCT procedure and analysis
--------------------------

OCT was performed with either the Model M2 imaging system or the C7-XR™ imaging systems (LightLab Imaging, Inc., St. Jude Medical, St. Paul, MN, USA). In the Model M2, the occlusion catheter was positioned proximal to the stent and a 0.014-inch wire-type imaging catheter was positioned distal to the stent. During image acquisition, the occlusion balloon (Helios, Avantec Vascular Corp., Sunnyvale, CA, USA) was inflated to 0.4 to 0.6 atm; lactated Ringer\'s solution was infused at 0.5 to 1.0 mL/s. The imaging wire was pulled from distal to proximal with a motorized pull-back system at 1.0 mm/s.[@B8] The frequency-domain OCT system (Model C7-XR™) was developed to generate frames at much higher rates, thus allowing faster pullback speeds. OCT images were generated at a rotational speed of 100 frames/s, while a catheter was pulled back at 20 mm/s. A non-occlusive contrast medium was continuously flushed through a guiding catheter at a rate of 4 to 5 mL/s for 3 to 4 seconds. With both systems, continuous images were acquired and stored digitally for subsequent analysis.

All OCT images were analyzed at a core laboratory (Cardiovascular Research Center, Seoul, Korea) by analysts who were blinded to patient and procedural information. Cross-sectional OCT images were analyzed at 1-mm intervals for quantitative measurements and qualitative analysis in five consecutive cross-sections with a maximal percentage of CSA stenosis of neointima: (neointimal CSA/stent CSA)×100. Stent and luminal CSA were measured, and neointimal CSA was calculated as the stent CSA minus the luminal CSA. The stented segments with the maximal percentage of neointimal CSA stenosis were then assessed qualitatively to characterize neointimal tissue as 1) homogeneous neointima, an uniform signal-rich band without focal variation or attenuation; 2) heterogeneous neointima, focally changing optical properties and various backscattering patterns; 3) layered neointima, layers with different optical properties, namely an adluminal high scattering layer and an abluminal low scattering layer; and 4) neoatherosclerotic neointima, lipid-laden neointima, thin-cap fibroatheroma-like neointima, or neointima with calcification ([Fig. 1](#F1){ref-type="fig"}).[@B1],[@B7],[@B9] Lipid-laden neointima was defined as a signal-poor region with diffuse borders, and neointima with calcification was defined as a well-delineated, signal-poor region with sharp borders.[@B9] To distinguish layered neointima from lipid-laden neointima, we considered a signal-poor region that fully masked the stent struts behind the neointima to be a lipid-laden neointima. A thin-cap fibroatheroma-like neointima was defined as neointima with a fibrous cap thickness of ≤65 µm at the thinnest part and an angle of lipid-laden neointima ≥180°.[@B7],[@B9] Because the optimal cut-off time to predict neoatherosclerosis in DES-treated lesions was 30 months in our previous study,[@B10] subgroup analysis of neointimal lesions with ≥50% of CSA stenosis and a stent age of either ≥30 or \<30 months was performed. The inter- and intra-observer agreements for assessing neointimal tissue morphology in our laboratory were previously reported.[@B5]

Quantitative angiographic analysis
----------------------------------

Quantitative coronary angiography analysis was performed using an offline computerized quantitative coronary angiographic system (CASS system, Pie Medical Imaging, Maastricht, the Netherlands). The minimal lumen diameter of treated coronary lesions and reference diameter at post-intervention and follow-up were measured in the view that was the narrowest and not foreshortened.

Statistical analysis
--------------------

Statistical analysis was performed using PASW (version 18.0.0, SPSS Inc., Chicago, IL, USA). Data were expressed as number (%) or mean±standard deviation. Comparisons of categorical data were made using χ-square statistics or Fisher\'s exact test. Continuous variables were compared using Student\'s t-test or Mann-Whitney test. Multivariate logistic regression model was used to determine independent risk factors for neoatherosclerotic neointima. Variables with a *p*-value \<0.1 in univariate analysis were entered into the multivariate analysis. A *p* value \<0.05 was considered statistically significant.

RESULTS
=======

There were no significant differences in the baseline clinical characteristics between the patients with ≥50% and \<50% reneointimal CSA stenosis ([Table 1](#T1){ref-type="table"}). Coronary angiographic findings are presented in [Table 2](#T2){ref-type="table"}. In lesions with ≥50% of neointimal CSA stenosis, the intervention of the left circumflex artery and use of new-generation DESs, such as zotarolimus-or everolimus-eluting stent, were less frequently observed. Furthermore, in this group, the stent diameter was larger and the stent length was longer. OCT findings between the two groups are shown in [Table 2](#T2){ref-type="table"}. Time interval after index procedure was longer in lesions with ≥50% of neointimal CSA stenosis. The morphologic features of the neointimal tissue according to the percentage of neointimal CSA stenosis ([Fig. 2A](#F2){ref-type="fig"}) and time intervals of OCT after index procedure ([Fig. 2B](#F2){ref-type="fig"}) are presented in [Table 2](#T2){ref-type="table"}. In lesions with \<50% of neointimal CSA stenosis, homogeneous neointima (68.2%) was the predominant morphology, followed by heterogeneous neointima (14.1%), and layered neointima (14.1%). In lesions with ≥50% of neointimal CSA stenosis, layered neointima was the most frequently observed morphology (68.3%), followed by neoatherosclerotic neointima (25.2%). In a subgroup analysis of lesions with \>50% of neointimal CSA stenosis, the predominant morphology of the neointimal tissue was different according to the stent age. In lesions with a stent age \<30 months, layered neointima morphology (89.5%) was most frequently observed, while neoatherosclerotic neointima (62.3%) morphology was predominant in lesions with a stent age ≥30 months ([Table 2](#T2){ref-type="table"}, [Fig. 3](#F3){ref-type="fig"}). While layered neointima was most frequently detected (70.4%) in patients with stable angina, neoatherosclerotic neointima was most common (71.4%) in patients with acute coronary syndrome ([Table 3](#T3){ref-type="table"}). The frequency of neoatherosclerotic neointima was higher in first-generation DES than in new-generation DES (20.5% vs. 1.0%, *p*\<0.001) ([Table 4](#T4){ref-type="table"}). Also, the frequency of statin usage was lower in lesions with neoatherosclerotic neointima than those without (75.0% vs. 93.5%, *p*\<0.001) ([Table 5](#T5){ref-type="table"}). However, multivariate analysis showed that stent age was an independent predictor for neoatherosclerotic neointima (odds ratio, 1.130; 95% confidence interval, 1.092\--1.170; *p*\<0.001).

DISCUSSION
==========

This OCT study demonstrates that the morphological pattern of neointimal tissue after DES implantation depends both on the burden of neointimal hyperplasia and stent age. Homogeneous neointima was the most common morphology type in lesions with \<50% of neointimal CSA stenosis. In contrast, in lesions with ≥50% of neointimal CSA stenosis, layered and neoatherosclerotic neointima were frequently detected. While layered neointima was largely attributable to in-stent restenotic lesions in lesions with a stent age \<30 months, neoatherosclerotic neointima contributed to neointimal growth in DESs ≥30 months after implantation. Layered neointima was the dominant morphology type in patients with stable angina, whereas neoatherosclerotic neointima was in patients with acute coronary syndrome.

The early vascular reaction after bare metal stent implantation is thrombus formation and acute inflammation around the strut, followed by neointimal growth.[@B11] In the early phase after stenting, fibrin, platelet, and inflammatory cells are nearly always observed in association with stent struts. They gradually disappear, as spindle-shaped mesenchymal cells (α-actin-positive smooth muscle cells) form a neointima within the proteoglycan matrix associated with the stent struts.[@B11] Although it is known that in-stent restenosis arises from the overwhelming growth of neointima, few pathologic studies have reported the detailed components of restenotic tissue after DES implantation. Two previous reports that examined specimens from directional coronary atherectomy showed that restenotic tissue consisted of proteoglycan-rich smooth muscle cells and fibrinoid tissue, and this was considered as an evidence of incomplete neointimal healing after DES implantation.[@B12],[@B13]

Recent advances in intravascular OCT systems made it possible to visualize and characterize neointimal tissue. Comparing histological findings from autopsy reports to morphological patterns determined by OCT,[@B14] homogeneous regions derived from OCT are shown to represent smooth muscle cells and indicated normal neointima. In this same study, fibrin accumulation, excessive inflammation, and in-stent neoatherosclerosis appeared as dark regions when assessed by OCT.[@B14] Another pathologic study using specimens from directional coronary atherectomy showed that the layered pattern was composed of smooth muscle cells and myxomatous tissues which appeared as a hyperechoic inner layer and echolucent outer layer on OCT, respectively, while the heterogeneous pattern determined to be an organizing fibrin thrombus appeared as patchy and echolucent regions throughout the layer on OCT.[@B15]

Several *in vivo* OCT studies have revealed that various types of restenotic tissues can exist after DES implantation.[@B1],[@B2],[@B3],[@B4],[@B5] In 25 restenotic lesions with 12 months of median time after stent implantation, neointimal tissue structure was layered in 52%, homogeneous in 28%, and heterogeneous in 20%.[@B1] In another OCT study, homogeneous neointima was observed in one third of a total 86 DES restenotic lesions.[@B4] Among the non-homogeneous types of neointima, the thin cap fibroatheroma-like pattern neointima was observed more frequently in the early (\<1 year) to the very late phase (\>3 years). Although the particular classification of the neointimal tissues differs slightly from report to report, the OCT-based general observation that the homogeneous pattern was observed less frequently in in-stent restenotic lesions was a consistent finding.

Previously, we reported that the heterogeneous or layered neointima were observed more commonly in restenotic lesions than in non-restenotic lesions after DES implantation (78.8% vs. 22.9%, *p*\<0.001).[@B5] However, there is still insufficient data to explain the vascular reaction after DES implantation. In the previous studies, the number of DES in-stent restenotic lesions (≥50% of neointimal CSA stenosis) was small, and the data for the morphologic features of the neointimal tissue in lesions \<50% of neointimal CSA stenosis were scarce.[@B1],[@B3],[@B4],[@B5] The present study was conducted with significantly larger population, and we found that the homogeneous neointima was the predominant morphologic type in lesions under 50% of neointimal CSA stenosis. This finding suggests that normal neointima was most common even in DES-treated lesions that did not show significant luminal narrowing. Although the layered and neoatherosclerotic patterns were mostly composed of in-stent restenotic tissues, the stent age affected the development of different patterns of in-stent restenosis. The layered pattern was the most common type observed in in-stent restenotic lesions with a stent age \<30 months, while the neoatherosclerotic pattern was more commonly observed in in-stent restenotic lesions with a stent age ≥30 months. This morphological difference suggests the patho-physiological mechanism causing DES restenosis changes with time, with neoatherosclerosis contributing to the late-phase narrowing of DES. These findings are consistent with those of previous OCT studies.[@B3],[@B4] Although the previous study evaluated neoatherosclerosis in lesions with \>100 µm of mean neointimal thickness, various patterns of neointima were not addressed.[@B16] Therefore, the present study could reflect the entire process of neointimal hyperplasia beyond neoatherosclerosis, with relatively large study population.

This study was limited by the possibility that selection bias could not be completely excluded. The quantitative and qualitative assessment of OCT in entire stent was not performed. Volumetric evaluation of quantitative OCT findings was also not done. Comparison between DES and bare metal stent was not possible. Differences of target lesions between two groups might be coincidence. Furthermore, the characteristics of neointimal tissues have not yet been validated in histopathology studies.

In conclusion, the morphological features in DES-treated lesions assessed by OCT varied with the degree of neointimal burden as well as the stent age.
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CSA, cross-sectional area.

Data are presented as mean±SD or n (%).
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